Insulin-degrading enzyme (IDE) hydrolyzes bioactive peptides, including insulin, amylin, and the amyloid β peptides. Polyanions activate IDE toward some substrates, yet an endogenous polyanion activator has not yet been identified. Here we report that inositol phosphates (InsPs) and phosphatdidylinositol phosphates (PtdInsPs) serve as activators of IDE. InsPs and PtdInsPs interact with the polyanion-binding site located on an inner chamber wall of the enzyme. InsPs activate IDE by up to ∼95-fold, affecting primarily V max . The extent of activation and binding affinity correlate with the number of phosphate groups on the inositol ring, with phosphate positional effects observed. IDE binds PtdInsPs from solution, immobilized on membranes, or presented in liposomes. Interaction with PtdInsPs, likely PtdIns(3)P, plays a role in localizing IDE to endosomes, where the enzyme reportedly encounters physiological substrates. Thus, InsPs and PtdInsPs can serve as endogenous modulators of IDE activity, as well as regulators of its intracellular spatial distribution.
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insulin-degrading enzyme | inositols | phosphatidylinositols | activation | subcellular localization I nsulin-degrading enzyme (IDE), also known as insulysin (EC 3.4.24.56), hydrolyzes a broad range of bioactive peptides in vitro, including angiotensin, glucagon, β-endorphin, amylin, and amyloid β peptides (Aβ), with the two most established in vivo substrates being insulin and Aβ. Evidence supporting a role for IDE in degrading insulin and Aβ in vivo includes associations of IDE gene variants with type 2 diabetes (1, 2) and Alzheimer's disease (3, 4) , decreased clearance of the two peptides in IDE-deficient mice (5, 6) , and antidiabetic activity produced by IDE inhibitors (7, 8) , although some reports have questioned its role in insulin degradation (9, 10) . In addition, IDE has been reported to have noncatalytic functions, such as acting as a receptor for varicella-zoster virus (11) and serving as a heat shock protein in stressed cells (12) . IDE also modulates the activity of the proteasome (13) , reportedly in conjunction with the retinoblastoma tumor-suppressor protein (14) .
We previously established that polyanions, such as free ATP and triphosphate, increase IDE activity by up to 100-fold toward a synthetic peptide substrate (15) and that ATP binds to a strongly electropositive inner surface of IDE that forms one-half of the substrate-binding chamber (16, 17) . Significantly, mutations in IDE that reduce its activation by polyanions also decrease its ability to rescue production of a mature yeast mating factor, indicating that activation by polyanions plays an important physiological role in cells (16) . Physiological polyanionic activators of IDE have not yet been identified, however.
Inositol phosphates (InsPs) are important intracellular second messengers generated by activation of many cell surface receptors (18, 19) . Phosphatidylinositol phosphates (PtdInsPs; phosphoinositides) participate in signaling and help define the identity of subcellular compartments by enrichment of their membranes with one or more PtdInsPs (20) (21) (22) . We report here that both InsPs and PtdInsPs activate IDE by interacting with the same polyanionbinding site that binds ATP and triphosphate.
Found mainly in the cytosol, IDE also has been reported to be associated with various subcellular compartments, including endosomes (23) (24) (25) and peroxisomes (26) . It also is reported to be secreted from cells. Localization of IDE to different intracellular compartments determines access to substrates, although the mechanism whereby IDE traffics to and becomes associated with intracellular compartments remains largely unknown. Here we provide evidence that IDE binding to PtdInsPs facilitates its localization to endosomes. Thus, the interaction of IDE with InsPs and PtdInsPs can modulate the function of IDE by affecting both its activity and its spatial distribution.
Results
InsPs Activate IDE. Because of their anionic nature and prominent role in signaling, we tested a series of InsPs for their ability to increase the activity of IDE toward the synthetic quenched fluorescent substrate Abz-Gly-Gly-Leu-Arg-Lys-His-Gly-Gln-EDDnp ( Table 1 ). All of the tested InsPs increased IDE activity, exhibiting a hyperbolic response, with the extent of activation generally greater as the number of phosphates on the inositol was increased. For example inositol 3-monophosphate [Ins(3)P] produced a maximal sevenfold increase in activity, whereas inositol 1,3,4,5-tetrakisphosphate [Ins(1,3,4,5)P4] produced a maximal Significance A diverse collection of peptides mediates cell-cell communication. Enzymes that cleave these peptides modulate their signals and thus play an important role in the physiology of multicellular organisms. Insulin-degrading enzyme (IDE) is one such enzyme that cleaves a number of bioactive peptides. IDE is activated by polyanions, but physiological activators remain unidentified. Here we show that inositol-containing molecules, known to modulate various cellular functions, activate IDE, identifying them as potential physiological regulators. Inositol phosphates are potent soluble activators of IDE. Phosphatidylinositol phosphates, lipid components of cell membranes, also activate but in addition facilitate the localization of IDE to intracellular compartments, where the enzyme gains access to substrates, such as insulin, internalized by cells.
∼60 fold increase in activity. The activation constant (K A ) was decreased from ∼100 μM for Ins(3)P to ∼1 μM for inositols containing six or more phosphate moieties.
To test for positional effects regarding the placement of the phosphate group, we compared inositol bisphosphates with phosphate moieties at the 1 and 2, the 1 and 3, and the 4 and 5 positions. Positional effects were observed, with the 4,5-bisphosphate producing the highest level of activation, followed by the 1,2-bisphosphate and then the 1,3-bisphosphate. The K A did not correlate with the level of activation, being highest for the 4,5-bisphosphate, followed by the 1,3-bisphosphate and then the 1,2-bisphosphate. A comparison of two triphosphate isomers gave similar results, with Ins(1,4,5)P3 producing greater activation than Ins(1,3,5)P3, but with the latter having a lower affinity based on its K A value.
We examined in more detail the effects of Ins(1,4,5)P3 and Ins (1,2,3,4,5,6)P6 (phytic acid) on the kinetics of the IDE reaction with the fluorogenic Abz substrate. As shown in Fig. 1 and summarized in Table 2 , Ins(1,4,5)P3 increased V max for the reaction by ∼40-fold, with little effect on the substrate K M or the extent of cooperativity (Hill coefficient). Phytic acid had the same effect at low substrate concentrations, producing an increase in V max in the substrate range of 1-25 μM, but decreased reaction rates at substrate concentrations >25 μM. Competition between phytic acid and substrate at high substrate concentrations may account for the observed biphasic effect on activity. We used phytic acid to test activation with respect to physiological substrates, because it has the lowest K A as well as high activation with the Abz fluorogenic substrate. With smaller peptides, namely angiotensin, bradykinin, and dynorphin B9, phytic acid stimulated hydrolysis by ∼6-fold to as much as 26-fold (Table 3 ). In contrast, there was no significant effect of phytic acid with the larger peptides insulin, β-endorphin, and glucagon, whereas an ∼twofold increase in activity was observed with β-amyloid peptide (Aβ ).
PtdInsPs also Activate IDE. The observation that InsPs activate IDE prompted us to examine the effects of phospholipids with inositol head groups. PtdIns and its phosphorylated derivatives share the configuration of the InsP activators, and the substrate-binding cavity of IDE could accommodate these larger lipid molecules (or portions of them when associated with membranes). We initially tested the binding of IDE to a panel of PtdInsPs immobilized on a membrane using an anti-IDE antibody. A strong signal was obtained for IDE binding to immobilized PtdIn3P, 4P, or 5P and to PtdIn(3,4)P2, PtdIn(3,5)P2, and PtdIn(4,5)P2 (Fig. 2) . Weak signals were observed with PtdIns(3,4,5)P3, phosphatidic acid, phosphatidylserine (PS), lysophosphatidic acid, and phosphatidylethanolamine, and no signal was observed with PtdIns, phosphatidylcholine (PC), lysophosphatidylcholine, and sphingosine-1-phosphate. The strength of the observed binding signal was the reverse of the pattern seen with InsPs.
In general, the more phosphates present on an InsP, the tighter the binding (i.e., lower observed K A ). In contrast, the binding of IDE to immobilized PtdIn monophosphates in general gave a stronger signal than observed with immobilized PtdIn bisphosphates, which in turn exhibited a stronger signal than PtdIn(3,4,5)P3.
To determine whether IDE could interact with PtdInsPs in bilayer membranes, we tested the ability of IDE to bind to liposomes containing PtdIns(4,5)P2. IDE bound to PtdIns(4,5)P2-containing liposomes, but not to liposomes containing only PC (Fig. 3A) , demonstrating an interaction with a PtdInsP present in a lipid bilayer.
PtdInsPs also have the ability to increase the rate of the IDE reaction with the fluorogenic Abz substrate. Activation by PtdIns(4,5)P2 (di-C8) followed a hyperbolic curve, with a maximum 31-fold rate enhancement and a K A of 5.7 μM (Fig. 3B) . The longeracyl chain PtdIns(4,5)P2(di-C16) also activated IDE up to a concentration of ∼3 μM, after which the extent of activation decreased, leading to inhibition at the highest concentrations tested. The loss of activation began at the critical micelle concentration (CMC) of this longer-acyl chain lipid (Fig. S1 ), indicating that the decrease in free lipids as micelles form accounted for this effect. Although a limited series was studied, the more phosphates present, the tighter the K A of the PtdInsPs, as with the InsPs but in contrast to the immobilized lipids. The maximum level of activation also did not follow this trend. PtdIns(3)P(di-C8) had a K A of 30 μM with ∼15-fold activation, and PtdIns(3,4,5)P3(di-C8) had a K A of 0.5 μM with ∼20-fold activation. These values and those noted above for PtdIns(4,5)P2(di-C8) can be compared with the K A of ∼90 μM and ∼6-fold activation for Ins(3)P, K A of ∼83 μM and ∼14-fold activation for Ins(4,5)P2, and K A of 7.8 μM and ∼30-fold activation for Ins(3,4,5)P3. The tighter K A values for the lipids suggest that moieties other than the InsPs in their head groups contribute to binding and, at least in some cases, may make a modest contribution to activation. Neither PS nor PC had an effect over the same concentration range (Fig. 3) , showing that the observed effects were specific to the PtdInsPs.
Three small physiological IDE substrates-bradykinin, angiotensin, and dynorphin B9-as well as four large physiological substrates-insulin, β-endorphin, Aβ 1-40 and glucagon-were tested with PtdIns(4,5)P2(di-C8) as an activator. At 25 μM PtdIns(4,5)P2, which is fivefold above its K A , both bradykinin and angiotensin hydrolysis were increased by ∼20-fold, whereas the hydrolysis of dynorphin B9 was increased by ∼60-fold. With insulin as the substrate, there was a small (1.4-fold) increase in the hydrolytic rate, whereas with β-endorphin and Aβ , the rate was increased by 1.3-fold, and there was essentially no change in the rate of glucagon hydrolysis (1.1-fold increase).
IDE Interaction with InsPs and PtdInsPs Is Mediated by the PolyanionBinding
Site. An IDE variant, IDE K898A,K899A,S901A , with mutations in the polyanion-binding site shows reduced activation by Ins(1,4,5)P3 and phytic acid, supporting the concept that these activators bind at the same site as ATP (Table 4 ). In addition to the polyanion-binding site, IDE contains another allosteric site, the distal binding site, which interacts with the carboxyl terminus of extended peptide substrates (27) or, in the case of shorter substrates, binds a second peptide (27, 28) . Binding of a peptide at this distal site produces a threefold to fivefold increase in activity toward the Abz substrate (29) .
Mutations at either the polyanion-binding or distal binding sites reduce activation at the other site, indicating they are coupled in some way (16) . Thus, we tested the effect of a mutation in the distal site, IDE Y609F , on activation by Ins(1,4,5)P3 and phytic acid. Activation by these InsPs was decreased in IDE Y609F , further establishing the link between the two sites.
The polyanion-binding site and distal site mutations also affected the ability of IDE to bind to PtdIns(4,5)P2 immobilized on a membrane. By measuring the amount of IDE bound to increasing amounts of immobilized PtdIns(4,5)P2 (Fig. 4 A and B) , we found that, relative to IDE wt , the polyanion-binding site suggests that the phosphatidylinositol is interacting with the polyanion-binding site. Somewhat surprisingly, the distal site mutant IDE Y609F showed reproducibly increased binding; for example, a ratio of 3.0 in intensity relative to IDE wt for the concentrations noted above was obtained. Perhaps this region interacts with the fatty acid portion of bound lipid, and mutating to a more hydrophobic residue enhanced the interaction. (In fact, residue 609 is positioned to interact with one acyl chain of PtdIns in a binding model described below.)
To obtain more direct evidence that IDE binds to PtdInsPs through the polyanion-binding site, we measured the ability of PtdIns(4,5)P2 to compete with the fluorescent ATP analog trinitrophenyl-ATP (TNP-ATP) for binding to IDE. It was previously established that the fluorescence of TNP-ATP increases when bound to IDE at the polyanion-binding site (30) . When PtdIns(4,5)P2 was added to IDE in the presence of TNP-ATP, there was a decrease in fluorescence consistent with decreased TNP-ATP binding (Fig. 4C) . Phytic acid and PtdIns(3)P also competed with TNP-ATP for binding to IDE. Free 40 μM PtdIns(4,5)P2 has no effect on the fluorescence of free TNP-ATP.
IDE Localization to Endosomes Involves the Polyanion-Binding Site.
Given that IDE has been reported to be present in endosomes (23) (24) (25) , we hypothesized that the enzyme initially might be recruited to endosomes by binding to PtdIns(3)P known to be present in the outer leaflet of the endosomal membrane (21, 22, 31) . Discontinuous sucrose density centrifugation was used to enrich endosomes from COS-1 cells as described by Jang et al. (32) . In COS-1 cells transfected with wild-type (WT) IDE, the enzyme was detectable in the endosomal fraction ( Fig. 5A and Fig. S2 ), which showed the expected enrichment in the endosomal markers Rab-5 and early endosome antigen 1 (Fig. S3 ). To ensure that the endosomal fractions were free of any significant amount of plasma membrane, we subjected samples to Western blot analysis with antibodies against the Na + /K + ATPase (Fig.  S3 ). We were unable to detect Na-K ATPase in the endosomal fraction, estimating a detection limit of 0.01% contamination based on the Na-K ATPase staining intensity in the plasma membrane fraction. In contrast, the estimated endosomal content of IDE was 0.22% of the total IDE applied to the sucrose gradient. These data indicate that IDE found in the endosomal fraction is not an artifact due to contamination of endosomes with other cellular components.
Fluorescence microscopy confirmed colocalization in COS-1 cells of immunostained IDE wt , with endosomes marked by cellular uptake of dye-labeled dextran. Images showed visible fluorescent dye spatial overlap and characteristic pixel color intensity correlation scatterplots (Fig. 5 D-G) . For 18 masked cells from six 3D image stacks, the average Pearson correlation coefficient of dye color values was 0.68 (+/− 0.13), indicating strong spatial correlation of the dye intensities consistent with colocalization.
To provide evidence that endosomal binding occurred through an interaction with the polyanion-binding site, we compared the amount of endosomal IDE in COS-1 cells transfected with IDE wt with that in COS-1 cells transfected with either of the IDE mutants, IDE K898A,K899A,S901A or IDE Y609F . As noted above, IDE K898A,K899A,S901A contains mutations within the polyanionbinding site and shows decreased activation by polyanions, whereas IDE Y609F has a mutation in the distal site that affects activation by polyanions, but not by directly affecting the polyanion-binding site. We assessed the distribution of these mutants in enriched endosomal fractions ( Fig. 5 B and C) . The IDE K898A,K899A,S901A mutant showed a decreased amount of IDE in the endosomal fraction relative to the WT enzyme, whereas the amount of IDE Y609F present in the endosomal fraction was comparable to that of IDE wt . We quantified this by comparing the ratio of Western blot intensity of endosomal IDE relative to total input IDE. The distal site mutant yielded a ratio corresponding to 0.18%, close to that of WT IDE (0.22%). In contrast, a lower value (0.09%) was observed for the polyanionbinding site mutant. We also compared the ratio of Western blot intensity for endosomal IDE relative to Rab5, a known endosomal protein. Again, the WT and distal site mutants gave similar values (0.13% and 0.10%, respectively), whereas the polyanion site mutant exhibited a lower value (0.04%).
Wortmannin is a potent inhibitor of phosphoinositide 3-kinases (PI3Ks), lowering cellular PtdIns3P levels. Thus, if PtdIns3P were involved in IDE recruitment to endosomes, presumably through binding to the polyanion site, then wortmannin would be expected to decrease the amount of IDE bound to endosomes. That this is the case is demonstrated by our measurements of the amount of IDE in the endosomal fraction derived in COS-1 cells treated with 200 nM wortmannin (Table 5 ). There was a time-dependent decrease in endosomal IDE in wortmannin-treated cells.
Because the sucrose gradient system used in this study also generates a Golgi/ER fraction, we compared the IDE content in this fraction between WT IDE and the polyanion and distal site mutants. In this case, there was no discernible difference between WT IDE and the two mutants (Fig. S4 ). This suggests that localization to the Golgi/ER does not involve the polyanion-binding site and likely is not mediated by PtdInsPs. Because IDE is reported to be in peroxisomes, we determined the levels of two peroxisomal enzymes, catalase and thiolase, in the endosomal and Golgi/ER fractions. We found no detectable thiolase or catalase in the endosomal fraction, but detected catalase and thiolase in the Golgi/ ER fraction, showing that it contained peroxisomes, which likely accounts for much of the IDE in this fraction. The lack of dependence of peroxisomal IDE on the polyanion-binding site is consistent with the report that IDE has a C-terminal peroxisometargeting signal (33) .
IDE Retains Activity at Endosomal pH in Some Buffer Systems. The level of IDE activity in endosomes as they acidify is an important consideration in its role in degrading endosomal peptides, and IDE has been reported to lose substantial activity at low pH (34) . Thus, we examined the effect of pH on IDE activity using the quenched fluorogenic peptide substrate, and found that IDE activity was dependent on the buffer as well as on the pH (Table  S1 ). For example, we observed activity in MES buffer at a pH of close to 5, but no activity in acetate or citrate buffer at this pH. Similarly, at a pH of ∼5.5, we observed activity in citrate buffer, and much higher activity at this pH in MES buffer. We also observed high activity at pH 6 in MES buffer, ∼10-fold greater than the activity at pH 7.5 in Tris buffer. We found that MES serves as an activator of IDE, by demonstrating an increase in activity when MES was added to Tris buffer. Thus, IDE can exhibit significant activity at low pH, as is seen in endosomes, particularly when activators are present.
Discussion
IDE is known to be allosterically activated in vitro by both peptides and polyanions (15, 29) . The results of this study now clearly establish InsPs as polyanion activators of IDE. As previously observed with nucleotide phosphates (15) , the greater the number of phosphates present on inositol, the greater the extent of activation up to six phosphate moieties. There are also positional effects of phosphate placement, although these effects are smaller than the total charge effect. The dependence on the number of negative charges, the competitive binding with a fluorescent ATP analog, and the finding that a polyanion-binding site mutant binds less well to InsPs all indicate that InsPs bind to the previously identified polyanion-binding region of IDE. This site/region lies on one-half of the inner surface of the substrate-binding chamber formed by the C-terminal two domains of the enzyme (16) . As noted previously, this appears to be not a single binding site in the classical sense, but rather a positively charged region of the enzyme that can accommodate polyanion binding in at least several different binding modes (16, 17) .
Given that a series of peptides exhibits quite different rates of hydrolysis by IDE, the rate-determining step of the reaction must be dependent on the substrate or products. This could be cleavage of the peptide itself, conversion of the IDE-substrate complex from an open conformation to a closed conformation, or conversion of the IDE-product complex from a closed conformation to an open conformation, permitting product release (17) . One of these steps must be the one increased by InsPs (or PtdInsPs). InsPs increase the hydrolytic rate of the small peptides tested (9-12 aa), but have no effect or only a mild effect with larger peptides. An unexplained exception is Aβ 1-40 , the rate of which was increased by approximately twofold by phytic acid. In crystal structures of IDE with bound peptides (28, (35) (36) (37) (38) (39) , larger substrates are seen to make contacts at both the active site and the distal site (which mediates activation by peptides). It is possible that activity is not stimulated for large peptides because they themselves activate in a manner similar to polyanions, particularly because their hydrolysis rates are often higher than those for small peptides. The basis for such activation is not clear from existing structures, however. Generally, only substrate residues at the active and distal site are ordered, and the larger peptides do not make contacts with the anion-binding surface. Intact insulin, with its disulfide cross-linking, is mostly well ordered in the binding chamber of the enzyme, but it also does not interact with the anion-binding surface. There is no obvious reason why the Aβ peptide should behave differently in terms of activation than, for example, glucagon, given that the number and conformation of ordered residues for the two peptides are similar when bound to IDE.
Ins(1,4,5)P3 has been established as a second messenger that mobilizes calcium pools, and recently more highly phosphorylated InsPs have been shown to be important effectors in a number of signaling pathways (18, 40) . For example, activation of the insulin receptor stimulates, among other effects, generation of highly phosphorylated inositols, such as 5-diphosphoinositolpentakisphosphate (InsP7) (40) (41) (42) . Our present finding that InsPs stimulate IDE catalysis suggests that they may serve as physiological activators of the cytosolic pool of the enzyme. Concentrations of various InsPs in mammalian cells range from submicromolar to >100 μM, and their levels can be modulated substantially by various events, such as receptor activation and progression through the cell cycle (43, 44) . These InsP concentrations, including the potent activator phytic acid, are in ranges shown here to produce IDE activation, consistent with a possible physiological role.
The most well-documented role for cytosolic IDE is in degradation of the amyloid precursor protein intracellular domain (AICD) (6, 45) , which serves as a transcriptional regulatory factor. Interestingly, AICD recently has been shown to activate the kinase PIKfyve (46) , which increases the production of PtdIns(3,5)P2, a signaling lipid and a source of soluble Ins(5)P (47) . This connection to PtdIns and InsP production suggests a possible regulatory system for control of AICD levels involving IDE activation. Other roles for cytosolic IDE are not well established, but given the broad range of substrates in vitro, it seems likely that additional peptides are substrates within cells. It also may be that interactions with InsPs affect noncatalytic IDE functions, such as regulating proteasome activity (13, 48, 49) and serving as a heat shock-like protein in stressed cells (12) . The functions of cytosolic IDE and the role of allosteric modulation of its activity likely will be promising areas for future investigation.
Ever since IDE was identified as a cytosolic enzyme (50), the question of how it gains access to substrates that are degraded in other subcellular compartments has been of considerable interest (51) . For example, insulin is metabolized primarily in early to late endosomes after internalization of the peptide bound to its receptor (23, 52, 53) and thus is inaccessible to cytosolic IDE. However, small pools of IDE have been found in endosomes (23) (24) (25) as confirmed here, as well as in peroxisomes (26, 54) and mitochondria (55) . In addition, low levels of IDE are reportedly secreted from some cell types through an unconventional pathway (56) that may involve routing through multivesicular bodies and release in association with exosomes (25). As noted above, a targeting sequence at the C terminus that localizes some IDE to peroxisomes has been reported previously (26, 33, 54) , and a potential alternative splice form with an extended N terminus was shown to direct IDE to mitochondria (55) . Otherwise, determinants of IDE intracellular localization have not been defined conclusively. We found here that a portion of cellular IDE localizes to the endosomal system ( Fig. 5 and Fig. S3 ), and our observation that IDE binds to PtdInsPs suggests a mechanism for intracellular localization of the enzyme. One role of PtdInsPs is to Assays were conducted with 50 μM Ins(4,5)P2, 5 μM PtdIns(4,5)P2, 50 μM PtdIns(1,4,5)P3, and 5 μM phytic acid. *Based on a concentration range of 0-3 μM above which inhibition was observed (Fig. 3B) . † Data could not be fit to a hyperbola, because an increase in rate was observed only at 1.5 and 3.0 μM. Reported increase is based on a single value at 3 μM.
establish the identities of subcellular compartments by enrichment of their membranes with differently phosphorylated forms of the lipid (20, 22, 57) . These markers direct a diverse set of protein domains to target membranes based on preferential binding to the enriched PtdInsP (21, 57) . We postulate that in the same manner, PtdInsP binding can recruit IDE to subcellular locations through binding at the polyanion site. In particular, the binding to immobilized PtdIns(3) P is consistent with initial recruitment to early endosomes (22, 31, 57) , and this possibility is supported by our finding that wortmannin treatment, which reduces PtdIns(3)P levels, decreases IDE localization to endosomes (Table 5 ). Binding to PtdIns(3,4)P2 also would cause early endosome localization, because this phospholipid is present in vesicles just after endocytosis.
Recruitment to endosomes and downstream compartments is particularly relevant to substrate access by IDE. As noted above, insulin degradation occurs largely in the endosomal system (23, 52, 53) . Similarly, Aβ peptides are generated primarily in endosomes, and one mechanism for clearance of extracellular Aβ is uptake into endocytic compartments with degradation in endo- somes, multivesicular bodies, and lysosomes (58, 59) . Amylin, another IDE physiological substrate (49) , also is taken up by receptor-mediated endocytosis (60) .
Once localized to endosomes, IDE would still have to gain access to the interior of the compartment to encounter substrates. A possible internalization mechanism is the budding of vesicles into the endosome that occurs during normal endosome maturation to multivesicular bodies and late endosomes (31, 61, 62) . This formation of intraluminal vesicles is a central aspect of the sorting process that determines whether endocytosed membrane proteins are targeted for lysosomal degradation or for recycling to other organelles, including the plasma membrane and Golgi (62, 63) . Endosomal vesicle uptake (microautophagy) of cytosolic proteins bearing a targeting sequence or linked to ubiquitin occurs (64, 65) . IDE could be internalized with these targeted proteins by virtue of its attachment to PtdIns(3)P, which is known to be present on intraluminal vesicles (61) . Recently, cytosolic proteins taken up by this microautophagy process in late endosomes were observed in the endosome lumen (64), presumably through disruption of some luminal vesicles. The relatively weak interaction of IDE with PtdInsPs [K d of ∼3 mM for PtdIns(4,5)P2-containing liposomes] found here would permit the enzyme to escape into the endosome lumen during this process.
As noted above, considerable evidence from genetic associations (1, 2), knockout mouse and inhibitor studies (6-8, 66, 67) , as well as characterization of hydrolysis products (23, 68) , supports the role of IDE in metabolism of insulin. However, Durham et al. (10) found that an IDE inhibitor did not increase plasma insulin levels or improve insulin sensitization, and concluded that IDE plays only a limited role in insulin clearance. Moreover, Steneberg et al. (9) reported that IDE knockout mice did not exhibit elevated fasting insulin levels, in contrast to other findings. Our results supporting the presence of IDE in endosomes and providing a mechanism for localization strengthen the case for its role in insulin degradation. The sensitivity of endosomal localization to mutations in the IDE anion-binding site should provide a basis for a strong test of this function.
IDE recruitment to endosomes also may be relevant to the mechanism underlying the reported secretion of IDE from certain cell types (25, 56, 69) . Secreted IDE has been proposed to be involved in extracellular Aβ degradation (6, 70, 71) and potentially some insulin hydrolysis as well (72, 73) . IDE does not contain any standard secretion signaling sequences, reportedly being secreted by unconventional pathways (25, 56, 69, 71) . Enzyme localized to the endosomal system could contribute to this secreted pool, given that some multivesicular bodies fuse with the cell plasma membrane, releasing their contents, including the intraluminal vesicles (exosomes), into the extracellular medium (25, 74) . Endosomal IDE also could be trafficked to the Golgi (or taken up directly into that organelle) and subsequently secreted, but this pathway does not appear to be significant in the cell types in which secretion of the enzyme was studied (25, 56, 69) .
Because the anion-biding site is not accessible in the closed form of IDE, the question naturally arises as to how IDE uses this surface to bind PtdInsPs present in a lipid bilayer. Computational docking of Ins(1,3)P2, representing the head group of PtdIns(3)P, as well as several other InsPs to IDE shows a small number of preferred binding sites, two of which appear particularly relevant to PtdInsP binding (Fig. 6A) . One site occurs at an edge of the anion-binding surface near the interface between the two halves of IDE. This interface would open first when IDE undergoes a hinge-like motion that must accompany substrate binding and product release (Fig. 6A) , and docking of InsPs to this site persists in models of open forms of IDE generated by a clamshell-like motion of the two halves of the enzyme. Rotating the two halves of IDE by 6 degrees about the likely hinge point is the minimum amount to allow placement of a model PtdIns(3)P without steric clashes when the lipid head group is aligned with a high-scoring docked Ins(1,3)P2 (Fig. 6B) . This model of PtdInsP binding provides a plausible mechanism for IDE interaction with membrane-bound lipids, closely resembling structural models for interactions between known PtdInsP-binding domains and membrane PtdInsPs (75) . The hydrophobic acyl chains of the lipid would remain outside the IDE inner chamber, allowing them to remain embedded in the lipid bilayer. Of potential significance, we note that the molecular surface surrounding this proposed membrane lipid-binding site is the most extensively conserved portion of the outer IDE surface (Fig. 6C) , possibly reflecting its role in interaction with the membrane.
Whereas the anion-binding surface site near the half-molecule interface is a good candidate for mediating membrane lipid binding, and thus localization to endosomes, interaction with PtdInsPs in this manner likely would not account for their ability to activate IDE. The bound lipid would partially occlude the active site and, by holding the enzyme in an open conformation, displace residues in domain IV that contribute to catalysis. It also is unlikely that a free PtdInsP would bind in a manner that places its acyl tails in bulk solvent. However, a second high-scoring docking site on the anion-binding surface (Fig. 6A ) allows placement of a PtdIns(3)P in the inner chamber of IDE, again aligning the Ins(3) P group of the lipid with a docked Ins(1,3)P molecule (Fig. 6 D  and E) . In this position, the acyl chains of the bound lipid extend toward the distal site in domain 2, interacting with a relatively nonpolar portion of the inner chamber surface (Fig. 6F) . This model has the virtue of not overlapping with known substratebinding surfaces in the active and distal sites and thus is compatible with activation of IDE. Mutations in the IDE K898A,K899A,S901A variant occur adjacent to both proposed lipid head group interaction sites, consistent with their effect on both types of PtdInsPbinding interaction observed in this work.
The finding that a number of different InsPs share some computational docking sites (Fig. S5 ) has relevance to the observed enhancement of interaction affinities and activation levels with an increasing number of phosphate groups found for the various InsPs tested (Table 1) . If interactions occur primarily at the same site or sites, then enhancement of affinity by additional phosphates simply reflects an increased number of interactions with positively charged or hydrogen-bond donor groups on the anion-binding surface. With respect to activation, studies with adenine nucleoside phosphate ligands (15) have shown that increasing the number of phosphates increases the extent of activation, and the results here with InsPs indicate that this effect likely reflects a general dependence on the total charge or the charge density of the interacting ligand. On the other hand, there are subtle differences in computational docking preferences for different InsPs, suggesting that different binding modes may play roles in ligand affinity and the level of activation. Indeed, the finding of modest differences in affinity and activation level between isomers bearing the same number of phosphate groups, such as Ins(1,3,5)P3 and Ins(1,4,5)P3, supports this possibility.
Overall, the results presented here suggest InsPs and PtdInsPs as potential physiological modulators of IDE, with InsPs serving as activators with respect to small peptide substrates and PtdInsPs playing a role in the intracellular spatial regulation of IDE.
Materials and Methods
Materials. InsPs were purchased from Cayman Chemical Company, and PtdInsPs were purchased from Echelon Bioscience. The PtdInsPs used in this study contained palmitic acid as the fatty acid in both the 1 and 2 positions (di-C16) or octanoic acid in both position (di-C8). Avanti Polar Lipids was the source for College London, London, UK. The anti-IDE antibody (rIDE4020) used in this study has been described previously (5) . Western blot analysis established that this antibody exhibits the same avidity for IDE and the IDE mutants used in the present study (Fig. S2) . Anti-His antibody was obtained from GE Healthcare Life Science. IDE and its mutant forms were expressed in Sf9 cells and purified to homogeneity as described previously (16, 29, 78) . Dextran (molecular weight 10,000) labeled with Alexa Fluor 488 was obtained from Thermo Fisher Scientific.
Activity Measurements. IDE was routinely assayed using the fluorogenic peptide Abz-GGFLRKHGQ-Eddnp as described previously (79) . Kinetic data were fit to the Hill or Michaelis-Menten equation using GraphPad Prism software.
Peptide Hydrolysis. The hydrolysis of unlabeled peptide substrates was followed by measuring the disappearance of the parent peptide by HPLC. Reactions of 80 μL containing 10 μM peptide, IDE, and InsP as indicated in 50 mM Tris·HCl pH 7.4 were incubated at 37°C for 5-40 min. The reaction was terminated by the addition of 8 μL of 5% TFA, and 75 μL was injected onto a Vydac C18 column. Peptides were eluted with a linear gradient of 5-50% acetonitrile (15) , and quantified by measuring peak areas.
Lipid and Western Blot Analyses. Membranes containing 15 different biologically active lipids at 100 pmol/spot (Echelon Bioscience) were first blocked with 5% fatty acid-free BSA prepared in PBS at room temperature for 2 h, after which 4 mL of fresh blocking solution containing 0.49 μg/μL IDE was added. The membrane was incubated at room temperature for 1 h and then at 4°C overnight. The membrane was washed three times for 30 min each with PBS containing 0.1% Tween 20 (PBST). After washing, the membrane was treated with either anti-IDE antibody or anti-His antibody in PBS containing 5% fatty acid-free BSA for 1 h. After three washes with PBST for 30 min each, the membrane was incubated with horseradish peroxidaseconjugated anti-mouse antibody or peroxidase-conjugated anti-rabbit antibody (Invitrogen) in PBS containing 5% fatty acid-free BSA for 1 h, and then rinsed three times for 30 min with PBST. The signal was detected using ECL Plus Western Blotting Reagent (Thermo Fisher Scientific). Membranes containing varying amounts of PtdIns(4,5)P2 were prepared by spotting 2 μL of a lipid solution containing the indicated amount of lipid onto Hybond-C Extra membranes (Amersham). After drying, the membranes were incubated with IDE or its mutant forms and treated as above. Lipid solutions were prepared in 250 μL of a 1:2:1 chloroform:MeOH:water solution to which 2 μL of Ponceau S was added.
For Western blots, when feasible protein concentrations were measured using the Coomassie Plus Protein Assay Kit (Thermo Fisher Scientific). Samples were subjected to electrophoresis on 10% polyacrylamide gels. Bands were transferred to PVDF membranes (GE Healthcare), and membranes were probed with the appropriate primary and secondary antibodies and developed as described above for the lipid blots. In the case of subcellular fractionation studies, the blots for expression of different IDE variants were done on separate membranes but compared as ratios with either the total amount of IDE protein loaded or the amount of Rab5 as an endosomal marker.
Quantitation of lipid and Western blots was carried out on a Gel Doc XR+ gel documentation system (Bio-Rad) with Image Lab software (Bio-Rad). Either box (Western) or circle (lipid) integration areas with minor adjustments across lanes were used with the automatic background subtraction function. Linearity was determined by comparing results for at least three different exposure times.
Preparation of Liposomes. Liposomes were prepared as described by Buser and McLaughlin (80) . In brief, 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC; 6 μmol) with or without PtdIns(4,5)P2 (1 μmol) in chloroform were mixed and dried under vacuum in a rotary evaporator immersed in a 30°C water bath. The crude liposomes were resuspended in a 6-mL sucrose solution (176 mM sucrose and 1 mM Mops, pH 7.0) and taken through five cycles of freezing in liquid N 2 and thawing in a 30°C water bath. Large unilamellar vesicles were prepared by subjecting the mixture to 10 cycles of extrusion through a stack of two polycarbonate filters (100-nm pore size) in a Lipex Biomembranes Extruder. The sucrose solution on the outside of the vesicles was removed by mixing the large unilamellar vesicles with a salt solution (100 mM KCI and 1 mM Mops, pH 7.0) and recovering the vesicles by ultracentrifugation at 100,000 × g for 1 h at 25°C. The concentration of PtdIns(4,5)P2 in the liposomes was determined by measuring the phosphate content (81) and corrected for the number of phosphates in the inositol.
Liposome-Binding Assay. IDE (0.9 μg) was incubated with DOPC liposomes with or without phosphatidylinositol 4,5-bisphosphate (total lipid concentration, 260 μM) in a volume of 280 μL for 1 h at room temperature with gentle rocking. After centrifugation at 112,000 × g for 1 h at 20°C, the liposomes The surface is color-coded by electrostatic potential using the adaptive Poisson-Boltzmann solver server with cutoffs of ±10 kT. The surface proposed to interact with the acyl chains has a relatively low electrostatic potential, consistent with this interaction.
